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ABSTRACT
Context. The origin of the high-energy flux of neutrinos detected by IceCube is still unknown. Recent works report the
evidence for a possible positional correlation between the reconstructed neutrino arrival directions and the positions in
the sky of low power, high-energy emitting BL Lac objects (HBL).
Aims. Assuming that γ-ray emitting HBL form the bulk of the sources of high-energy neutrinos above 100 TeV, we
intend to calculate the number of events expected to be detected for each source by IceCube and KM3NeT.
Methods. Based on a simple theoretically-motivated framework inspired by the structured jet scenario for these sources,
we postulate a direct proportionality between high-energy γ-ray and neutrino fluxes. We calculate the expected neutrino
event rate for the HBL sources of the Second Fermi-LAT Catalog of High-Energy Sources (2FHL) for IceCube and the
presently under construction KM3NeT using declination-dependent and exposure-weighted effective areas.
Results. We provide a list of 2FHL HBL with the calculated number of events. For IceCube, the derived count rate for
several sources is relatively high, of the order of .1 yr−1, consistently with the recent findings of a possible positional
correlation. For KM3NeT the calculated rates are higher, with several sources with expected rate exceeding 1 yr−1.
This, coupled with the improved angular resolution, implies that the HBL origin can be effectively tested with few
years of observation of KM3NeT (and IceCube Gen2, for which similar performances are foreseen) through the direct
association of neutrinos and single HBL.
Conclusions. Our results show that if – as hinted by recent works – HBL represent a possible population of high-energy
neutrino emitters, several single sources should be identified in few years of exposure of KM3NeT, highlighting the
importance of the improved angular resolution anticipated for KM3NeT and IceCube Gen2.
Key words. BL Lacertae objects: general – neutrinos – gamma rays: galaxies
1. Introduction
The cosmic sources responsible for the extraterrestrial neu-
trino flux detected by IceCube at PeV energies (Aartsen
et al. 2013, 2014, 2015a) are still unknown. The substan-
tial isotropy of the flux (with only a non significant small
excess in the direction of the galactic center) is consistent
with an extragalactic origin, although a slight north-south
intensity and hardness asymmetry could hint to a possible
contribution from a soft galactic component, superseded
by a harder extragalactic component emission above ≈ 100
TeV (e.g. Ahlers & Murase 2014, Neronov & Semikoz 2015,
Aartsen et al. 2015, Palladino & Vissani 2016). Among the
possible extragalactic astrophysical sources there are prop-
agating comic rays (e.g., Essey et al. 2010, Kalashev et
al. 2013), star-forming and starburst galaxies (e.g., Loeb
& Waxman 2006, Wang, Zhao, & Li 2014, Tamborra et
al. 2014), galaxy clusters (e.g., Murase & Beacom 2013,
Zandanel et al. 2015), γ–ray burst (e.g., Waxman & Bah-
call 1997, Petropoulou et al. 2014) and active galactic nu-
clei (AGN, e.g., Mannheim 1995, Atoyan & Dermer 2003,
Kimura et al. 2014, Kalashev et al. 2014, Petropoulou et al.
2015, 2016).
Among AGN, blazars (e.g. Urry & Padovani 1995) are
often considered the most probable candidates. Blazars
(further divided in flat spectrum radio quasars, FSRQ, and
BL Lac objects) are AGN presenting two jets ejected at
relativistic speeds in opposite directions, one of which is
well aligned with the line of sight to the Earth. In this ge-
ometry, relativistic effects greatly enhance the observed in-
tensity (relativistic beaming), making these sources among
the brightest extragalactic sources. Because of the beam-
ing, the emission observed from blazars (extending over
the entire electromagnetic spectrum with a characteristic
double-humped shape when plotted in the νFν represen-
tation - the so-called spectral energy distribution, SED) is
dominated by the non-thermal continuum produced in the
jet. Leptonic models attribute the entire emission to rela-
tivistic electrons/pairs radiating through synchrotron and
inverse Compton mechanisms, responsible for the low and
the high energy SED peaks, respectively (e.g. Ghisellini et
al. 1998). In the hadronic scenario, instead, the high-energy
peak is linked to high-energy hadrons co-accelerated with
electrons, cooling through the synchrotron or the photo-
meson channel (e.g. Böttcher et al. 2013). Blazars jets ap-
pear ideal sites to accelerate hadrons (protons, for sim-
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plicity) to the energy Ep ≈ 1017 eV required to produce
PeV neutrinos, most likely via the photomeson reaction
(p + γ → X + pi), followed by the prompt decay of the
charged pions (pi± → µ± + νµ → e± + 2νµ + νe; hereafter
we do not distinguish among ν and ν¯). In fact the pos-
sible role of blazars has been recently highlighted by the
results of Kadler et al. (2016) and Padovani et al. (2016).
Kadler et al. (2016) report a tempting correlation between
the arrival time of one of the neutrino with the highest re-
constructed energy (∼ 2 PeV) and an exceptional outburst
phase of the FSRQ PKS B1414-418, which lies in the (large,
radius ∼ 16◦) IceCube uncertainty region for this event.
Padovani et al. (2016) on the other hand, improving a pre-
vious work by Padovani & Resconi (2014), have presented
the evidence for a significant (random expectation level of
≈ 0.4%) spatial correlation between the reconstructed ar-
rival direction of neutrinos (including both hemispheres)
and BL Lac objects emitting very high-energy γ rays (> 50
GeV). No correlation is instead found with other classes
of blazars, such as FSRQ or BL Lacs with larger luminos-
ity. Taken together, these two results are quite intriguing
and puzzling, since powerful FSRQ and high-energy emit-
ting BL Lacs (hereafter HBL, standing for highly peaked
BL Lac objects), are objects characterized by rather dif-
ferent physical properties that lie at the opposite sides of
the so-called blazar sequence (Fossati et al. 1998), relating
the spectral properties of the emission of blazars with their
luminosity.
At a first sight, the FSRQ environment seems to of-
fer the best conditions (high jet power, dense target ra-
diation fields) to account for neutrino production through
the photomeson channel (pp reactions are unlikely in the
low-energy jet environment), while BL Lac seem disfavored,
mainly because their low luminosity hints to inefficient pho-
tomeson production (e.g. Murase et al. 2014). However, in a
previous paper (Tavecchio, Ghisellini & Guetta 2014, here-
after Paper I), we showed that, if the jet is characterized
by a velocity structure, i.e. the flow is composed by a fast
spine surrounded by a slower sheath (or layer), the neu-
trino output from HBL can be highly boosted with respect
to the one-zone models and the cumulative emission of the
HBL population could match the observed intensity with an
acceptable value of the cosmic ray power for the jet. The ex-
istence of a velocity structure of the jet has been previously
considered as a possible solution for several issues related
to TeV emitting BL Lacs and to unify the BL Lacs and ra-
diogalaxy populations (e.g. Chiaberge et al. 2000, Meyer et
al. 2011, Sbarrato et al. 2014). Direct radio VLBI imaging
of jets both in low-power radiogalaxies (e.g. Nagai et al.
2014, Müller et al. 2014) and BL Lac (e.g., Giroletti et al.
2004, Piner & Edwards 2014), often showing a “limb bright-
ening" transverse structure, provides a convincing observa-
tional support to this idea, also corroborated by numerical
simulations (e.g. McKinney 2006, Rossi et al. 2008). The in-
creased neutrino (and inverse Compton γ-ray) production
efficiency in the spine–layer structure is based on the fact
that for particles flowing in the faster region the radiation
field produced in the layer is amplified by the relative mo-
tion between the two structures (e.g. Ghisellini et al. 2005,
Tavecchio & Ghisellini 2008). In this condition, the density
of the soft photons in the spine rest frame – determining the
proton energy loss rate and hence the neutrino luminosity –
can easily exceed that of the radiation produced locally, the
only radiative component considered in the one–zone mod-
eling of BL Lacs (for FSRQ, instead, the photon field is
thought to be dominated by the radiation coming from the
external environment). In Tavecchio & Ghisellini (2015) we
relaxed the condition that only HBL jets are able develop
an important layer, assuming that all BL Lacs jets are char-
acterized by a structure region and that the layer radiative
luminosity and the cosmic ray power are both proportional
to the jet power.
In searching for a direct association between neutrinos
and possible sources one can exploit the temporal coinci-
dence between the neutrino detection and high-state/flares
of a source (e.g., Kadler et al. 2016, Halzen & Kheirandish
2016) and/or the coincidence between the reconstructed ar-
rival direction of neutrinos and the position of a putative
source in the sky (e.g. Padovani et al. 2016). The latter
works best when applied to the events detected through
up-going muons, which provide the best angular resolu-
tion. The practical application of this methods is gener-
ally based on the use of a pre-selected list of possible neu-
trino source candidates (e.g. Adrian-Martinez et al. 2016a).
Along these lines, in this paper, motivated by the recent
results by Padovani et al. (2016), we aim at reconsider-
ing the possible production of neutrinos by HBL, focusing
in particular on the fluxes expected for present (IceCube)
and future (KM3NeT) neutrinos observatories. Assuming a
simple phenomenological framework inspired by the spine-
layer scenario and supported by the Padovani et al. find-
ings (§2), we connect the putative neutrinos fluxes to the
observed high-energy gamma-ray fluxes (§3) and then we
provide the expected neutrinos counts (§4).
Throughout the paper, the following cosmological pa-
rameters are assumed: H0 = 70 km s−1 Mpc−1, ΩM = 0.3,
ΩΛ = 0.7. We use the notation Q = QX 10X in cgs units.
2. Theoretical framework
We refer to Ghisellini et al. (2005) and Paper I for a com-
plete description of the spine-layer jet scenario and its appli-
cation to the neutrino production. Here we just recall that
the jet geometry (see Fig.1) is approximated by two con-
centric cylinders with different bulk Lorenz factors Γs > Γl.
If we observe the jet at an angle of view θv, the two rela-
tivistic Doppler factor δ determining the amplification of
the emission are defined as δs,l = [Γs,l(1−βs,l cos θv)]−1, in
which β = v/c . In the following, primed symbols indicate
quantities measured in the spine reference frame.
We adopt a leptonic scenario for the blazar electromag-
netic emission, in which the observed radiation (dominated
by the highly boosted spine emission) is entirely attributed
to leptons directly accelerated in the jet. This is equivalent
to assume that any electromagnetic component associated
to hadronic reactions (and hence to neutrino emission) do
not dominate the SED (note that the high-energy γ rays
from the pi0 decay are promptly absorbed through scat-
tering with the soft photons and, after reprocessing, leave
the jet at much lower energies, in the MeV-GeV band). The
high-energy emission is dominated by the boosted soft pho-
tons produced in the layer inverse-Compton scattered to
γ-ray energies by the relativistic electrons flowing into the
spine (also responsible for the low-energy SED synchrotron
bump). In this sense, the electromagnetic and neutrino out-
puts derive from two different (but not independent, see
below) channels.
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Consider now the emitted neutrino luminosity. As de-
tailed in Paper I, the (observed) neutrino luminosity (single
flavor, assuming a νe : νµ : ντ = 1 : 1 : 1 flavor composi-
tion at the Earth) at the observed energy Eν can be well
approximated by:
EνLν(Eν) ' 1
8
fpγ(E
′
p)E
′
pQ
′
p(E
′
p) δ
4
s (1)
where E′pQ′p(E′p) is the power injected into protons of en-
ergy E′p and E′ν = Eν/δs ' E′p/20. The factor fpγ(E′p)
measures the efficiency of the photomeson losses and it is
defined as the ratio of the dynamical timescale to the pho-
tomeson cooling time:
fpγ(E
′
p) =
t′dyn
t′pγ(E′p)
(2)
where: t′pγ(E′p) = [c 〈n′ph(′)σpγ(′, E′p)K(′, E′p)〉]−1, σpγ
being the cross section, K the inelasticity and n′ph is the
target photon number density.
The total, energy integrated, neutrino luminosity can be
expressed as:
Lν = pQ
′
p δ
4
s , (3)
where the total CR injected power is:
Q′p =
∫
Q′p(E
′
p) dE
′
p (4)
and the averaged efficiency p is:
p =
1
Q′p
∫
fpγ(E
′
p)Q
′
p(E
′
p) dE
′
p (5)
In general, the IC (i.e. high-energy γ-ray) luminosity
can be formally expressed in exactly the same way:
Lγ = eQ
′
e δ
4
s , (6)
where now e andQ′e refer to the relativistic electrons. Using
Eq. 3 and 6 one can write the ratio of the gamma-ray and
neutrinos fluxes of a given source as:
Fν
Fγ
=
Lν
Lγ
=
p
e
Q′p
Q′e
(7)
In the spine layer scenario, the soft radiation field in
the spine frame is dominated by the relativistically boosted
layer radiation. In these conditions, both efficiencies, p and
e depend on the same photon field, n′ph,l and thus their ra-
tio, p/e ≡ ξep depends only on the details of the injection
and cooling processes. As a zero-order approximation, one
can assume that these properties are universal for all the
(quite similar) HBL jets, namely that ξep is on average con-
stant (with, of course, some dispersion) in the HBL popu-
lation. Furthermore we find reasonable to assume that the
ratio between the power injected into relativistic electrons
and that into high-energy protons is, on average, the same
in different sources, both depending on the total power car-
ried by the jet, Pjet, i.e. Q′p = ηpPjet and Q′e = ηePjet,
so that Q′p/Q′e = ηp/ηe ≈ const. With these assumptions,
we derive that Fν/Fγ is, on average, the same in all HBL,
Fν/Fγ = ξepηp/ηe ≡ kνγ .
 Γl
Γs
p
Fig. 1. Sketch of spine-layer geometry. A faster inner core, or
spine, is surrounded by a low-velocity layer. Both regions emit
low-energy synchrotron photons. Due to the relative motion, the
low-energy emission of the layer is amplified in the spine frame
and dominate the photo-meson cooling of high-energy protons.
Therefore, in our scheme, the bolometric neutrino flux
from a given HBL is directly proportional to its high-
energy gamma-ray flux, Fν = kνγFγ . We remark that this
theoretically-inspired assumption in consistent with the re-
sults of Padovani et al. (2016), which found that the po-
sitional correlation between neutrinos and 2FHL sources
holds at the brightest fluxes.
3. Calculation
The Second Catalog of Hard Fermi-LAT Sources (2FHL
in short, Ackermann et al. 2016a) includes all the sources
detected at energies above 50 GeV by the Large Area Tele-
scope onboard Fermi in 80 months of data. The high-energy
band covered by the 2FHL matches well the expected maxi-
mum of the IC component produced by the spine. Hence, it
is natural – based on the discussion of the previous sec-
tion – to consider the 2FHL flux a good proxy for Fγ .
Therefore, using the relation derive above for each source,
Fνi = kνγ Fγi it is possible to derive the expected flux of
neutrinos.
The constant can be derived under the assumption that
the total neutrino diffuse flux measured by IceCube, Fν,tot is
entirely due to the contribution of the high-energy emitting
BL Lacs. Since the neutrino flux for each source is directly
proportional to the corresponding gamma-ray flux we can
write:
Fν,tot ≡
∑
i
Fνi =
∑
i
kνγFγi = kνγ
∑
i
Fγi = kνγFγ,tot.
(8)
in which we use the fact that kνγ is (approximately) the
same for all sources. Here Fγ,tot is the total high-energy
gamma-ray flux from HBL (see below).
The next step is to convert the neutrino energy flux
for each source, Fνi, to the neutrino number flux, Φi(Eν),
using:
Fνi =
∫ E2
E1
Φi(Eν)Eν dEν (9)
where the interval [E1, E2] is the range of neutrino ener-
gies. We assume that each source emits a neutrino spec-
trum with the same shape of the overall neutrino spectrum
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Table 1. Expected 0.1-10 PeV flux (in units of 10−8 GeV cm−2
s−1) and detection rate (yr−1) of muon neutrino Rν for the
brightest 2FHL BL Lacs with IceCube at declination 60◦ < δ <
90◦, 30◦ < δ < 60◦,0◦ < δ < 30◦ respectively. The numbers
identify sources in the sky map of Fig. 3.
Name Fν Rν
60◦ < δ < 90◦
1 1ES1959+650 1.38 0.27
2 1ES0502+675 1.14 0.22
3 S50716+71 0.44 0.08
4 1RXSJ013106.4+61203 0.25 0.05
5 4C+67.04 0.25 0.05
6 Mkn180 0.24 0.05
7 MS0737.9+7441 0.13 0.02
8 RXJ0805.4+7534 0.08 0.02
9 S40954+65 0.07 0.01
10 S41749+70 0.07 0.01
30◦ < δ < 60◦
11 Mkn421 8.77 4.89
12 Mkn501 3.41 1.90
13 PG1218+304 0.92 0.52
14 3C66A 0.87 0.49
15 1H1013+498 0.87 0.49
16 1ES0033+595 0.82 0.46
17 1ES2344+514 0.69 0.39
18 1ES1215+303 0.52 0.29
19 B32247+381 0.37 0.21
20 B30133+388 0.35 0.19
0◦ < δ < 30◦
21 PG1553+113 1.89 2.47
22 PKS1424+240 1.00 1.30
23 PG1218+304 0.92 1.20
24 TXS0518+211 0.87 1.14
25 1ES0647+250 0.75 0.99
26 1ES1215+303 0.52 0.69
27 RXJ0648.7+1516 0.45 0.59
28 1RXSJ194246.3+10333 0.41 0.54
29 RBS0413 0.32 0.42
30 1H1720+117 0.25 0.33
reconstructed through the IceCube detections, i.e. a power
law distribution (more on this later):
Φi(Eν) = φi
(
Eν
E?
)−Γ
, (10)
where E? is the energy of normalization. Therefore, from
Eqs. 9-10 we can derive the neutrino number flux normal-
ization φi as:
φi = Fνi E
?−Γ 2− Γ
E2−Γ2 − E2−Γ1
(11)
Finally the number of neutrino Nν expected from a
given HBL object of the 2FHL catalogue depends on the
rate of high energy neutrino Rν and the exposure time Texp
as follows:
Nν = RνTexp = Texp
∫ E2
E1
Aeff(Eν)Φi(Eν)dEν (12)
where Aeff(Eν) is the effective area of the neutrino detector.
4. Application and results
Padovani et al. (2016) found a significant probability of as-
sociation between the positions of the HBL belonging to
Fig. 2. Radio flux versus the high-energy γ-ray flux (E > 50
GeV) of the 132 HBL belonging to the 2FHL catalogue. Blue
crosses indicate sources detected in the TeV band. The vertical
axis on the right report the muon neutrino flux (in the 0.1-10
PeV band) predicted with the scaling discussed in the text. We
also show the name of the brightest sources.
the 2FHL catalogue1 with flux F (> 50 GeV) & 2 × 10−11
ph cm−2 s−1 and a selected sample of neutrinos 2 detected
by IceCube above 60 TeV. For illustration, in Fig. 2 we re-
port the radio flux versus the γ-ray energy flux (integrated
over the 50-2000 GeV band using the spectral parameters of
the 2FHL) for the 132 HBL of the 2FHL (for the selection
we used the phenomenological estimate of the synchrotron
peak frequency provided in the 3rd Catalog of AGN De-
tected by the Fermi-LAT, 3LAC in brief).
Our aim is to provide the neutrino counts expected from
each 2FHL BL Lacs, in view of the possible identification of
the extragalactic neutrino sources based on a positional cor-
relation with detected neutrinos. For this reason, it is justi-
fied to specialize our treatment and focus it on the through-
going muon neutrinos, νµ. Indeed, muons leave well-defined
and long tracks easier to reconstruct, determining the best
(< 1◦) angular resolution, suitable to look for possible as-
sociations with point-like sources as HBL. In the case of
IceCube this implies to focus on the component coming
from the northern hemisphere. On the contrary, KM3NeT
will be sensitive to through-going muon originating mainly
from neutrinos coming from the southern hemisphere.
The IceCube collaboration published both the spectrum
of the so-called high-energy starting events (HESE), dom-
inated by cascade-like events triggered within the detector
volume by neutrinos from the the southern sky (Aartsen et
al. 2015a) and that derived analyzing only the (high-energy,
E & 100 TeV) muon-like northern events (Aartsen et al.
2015b, Rädel & Schoenen 2015). The derived spectral pa-
rameters are in tension, with the through-going muon signal
1 defined as BL Lac with synchrotron peak frequency larger
than 1015 Hz.
2 including both HESE (four years) and through-going νµ (two
years).
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providing a spectrum harder (Γ = 1.91± 0.20 using events
with E > 170 TeV, Rädel & Schoenen 2015) than that
(Γ = 2.50± 009, Aartsen et al. 2015a) derived from HESE
data with an extension to low energy (E > 60 TeV). Inter-
estingly, if only high-energy HESE events (E > 100 TeV)
are selected, the tension reduces. This could be considered
as an hint for hardening of the spectrum at high-energy,
possibly related to two (galactic and extragalactic) spectral
components (see the detailed discussion in Palladino & Vis-
sani 2016). Moreover, if extragalactic, the high neutrino flux
below 60 TeV would imply an accompanying gamma-ray
flux exceed the high-energy extragalactic γ-ray background
(e.g. Murase et al. 2016). It is also worth adding that it is
unlikely that the neutrino spectrum predicted by the struc-
tured jet model extends below 100 TeV, since this would
imply a quite large cosmic-ray power (Paper I). Summing
up, there are hints supporting the scenario in which lower
energy neutrinos (. 100 TeV) derive from another popula-
tion – possibly galactic – of sources. All this justifies the use
in the following of the spectral parameters obtained with
the through-going muon analysis (we used the parameters
derive by the first 4 years of IceCube, Rädel & Schoenen
2015).
Following the procedure discussed in §3, the first step is
to derive the constant of proportionality between the γ-ray
and the neutrino flux from Eq. 8.
The total (muon) neutrino flux Fν,tot is calculated in-
tegrating the power law spectrum provided by Rädel &
Schoenen (2015) in the range 100 TeV-10 PeV. The result
is Fν,tot = 4.85× 10−7 GeV cm−2 s−1.
The second quantity we need is the total high-energy γ-
ray flux from the neutrino-emitting HBL population, Fγ,tot.
An obvious upper bound to this flux is provided by the to-
tal (i.e. resolved+unresolved) observed extragalactic high-
energy γ-ray background (Ackermann et al. 2015). Above
50 GeV (the low-energy threshold of the 2FHL) the back-
ground intensity is 2.4 × 10−9 ph cm−2 s−1 sr−1. On the
other hand, we calculated that the contribution of the de-
tected HBL of the 2FHL (50-2000 GeV, flux sensitivity limit
≈ 8 × 10−12 ph cm−2 s−1) to the background (assuming
isotropy) is 7.2×10−10 ph cm−2 s−1 sr−1, corresponding to
about 1/3 of the total background intensity above 50 GeV.
Through accurate simulations, Ackermann et al. (2016b) es-
timated that (resolved and unresolved) point sources with
fluxes larger than 10−12 ph cm−2 s−1 (the majority of which
are assumed to be blazars, but not necessarily all HBL)
should account for about 90% of the background. On the
other hand, we have also to remind that Padovani et al.
(2016) found that the correlation between the IceCube neu-
trinos and the 2FHL HBL holds only with sources with rel-
atively high-flux (& 1.8× 10−11 ph cm−2 s−1). Given these
uncertainties and in view of the fact that, in any case, the
differences involve relatively small factors, in the follow-
ing we use the value of the flux Fγ,tot obtained summing
the 2FHL BL Lac only, keeping in mind that derived neu-
trino fluxes should be considered as upper limits since, if
also HBL with smaller flux would contribute, the derived
neutrino fluxes could be lower by a factor ≈ 3. The total
energy flux in the 50-2000 GeV band (approximating well
the bolometric gamma-ray output, since the high-energy
peak is commonly found at 100 GeV) of the 2FHL sources,
Fγ,tot, can be directly performed using the spectral infor-
mation of the 2FHL, giving Fγ,tot = 1.14×10−6 GeV cm−2
Fig. 3. Sky maps in galactic coordinates with the position of
2FHL HBL (light blue and blue) for IceCube (lower panel) and
KM3NeT (upper panel). The blue points are the brightest HBL
and the associated number is reported in Tables 1 and 2. For
the plot of KM3NeT, the different color indicates the different
range of object declination-depending visibility; red:> +60◦ and
visibility percentage < 20%, dark-orange: +25◦÷+60◦ and vis-
ibility percentage 20 ÷ 45%,orange: −12◦ ÷ +25◦ and visibility
percentage 45 ÷ 60%, yellow: −53◦ ÷ −12◦ and visibility per-
centage 60÷ 100% and green: < −53◦ and visibility percentage
100%. Lower map: Visibility plot of IceCube. The grey region is
100% of muon neutrino visibility, and the white is near 0%.
s−1. Therefore, for the value of the constant we obtain
kνγ = Fν,tot/Fγ,tot = 0.46.
The vertical axis on the right of Fig. 2 reports the neu-
trino flux for each 2FHL HBL calculated with the scaling
above. With these fluxes at hand we can predict the ex-
pected count rate for IceCube and KM3NeT. In the follow-
ing we separately describe the results.
4.1. IceCube
IceCube (Achterberg et al. 2006) is a neutrino detector
placed at the South Pole. It is the largest operating neutrino
detector, encompassing an instrumented cubic kilometer of
ice. In the case of νµ – detected from the upgoing through-
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going muons – the effective area of the instrument depends
on the declination of the source, since the angle-dependent
absorption by the Earth starts to affect the detected flux
above ≈ 100 TeV. The actual effective area in ranges of de-
clinations (60◦ < δ < 90◦, 30◦ < δ < 60◦, 0◦ < δ < 30◦) are
provided by Yacobi et al. (2014). The number of neutrinos
expected for the brightest 2FHL sources with an effective
exposure of 1 year and divided in ranges of declination are
reported in Table 1 and shown in Fig. 2 (lower panel).
Very few sources present a rate exceeding 1 event yr−1.
Interestingly, among them there are two of the Padovani
et al. best candidates, Mkn 421 and PG 1553+113. 1ES
1959+650, from which AMANDA possibly detected three
neutrinos during a burst in 2002 (Ackermann et al. 2005) is
not expected to be so bright. In considering these numbers
one should remind that they are upper bounds to the actual
values, since, as discussed above (Sect. 4), neutrino fluxes
(and count rates) smaller by a factor ∼3 are compatible
with the γ-ray background. Note also that PKS 2155-304,
among the brightest 2FHL HBL and thus among the most
intense neutrino sources, being a southern object does not
enter in our list.
4.2. KM3NeT
KM3NeT (e.g. Margiotta et al. 2014) will be a new undersea
neutrino telescope that could detect all-flavour neutrinos.
Presently it is under construction in the Mediterranean See.
The expected effective area as a function of declination,
as that used above for IceCube, is not available yet. There-
fore we choose to rely on the declination-averaged effective
area provided by Adrian-Martinez et al. (2016b). Note
that, differently from the case of IceCube, for KM3NeT
a given source in the sky is below horizon (and thus
the up-going muon technique can be applied) only for a
fraction of a year. Adrian-Martinez et al. (2016b) provide
the effective exposure time of sources located at different
declinations, that is the fraction of time for which the
source is below the horizon and thus data can be obtained.
In Table 2 we thus report the expected neutrino counts
for 1 year taking into account the effective exposure of the
different sources (also reported in the Table).
In Fig. 3 we also show a sky map in galactic coordinates
reporting the HBL of the 2FHL (light blue points) and in
blue the best candidates for KM3NeT (upper panel) and
IceCube (lower panel). For KM3NeT the colored areas in-
dicates regions of the sky with different exposures from red
(minimum) to green (maximum). In Fig.2 we report the
calculated neutrino flux as a function of the 2FHL γ-ray
flux for the sources reported in Tables 1-2.
5. Discussion
In this work we have presented a heuristic framework to
connect the γ-ray flux produced through the inverse Comp-
ton inside a structured jet of an HBL and the (hypotetical)
neutrino flux. The scheme is motivated by the findings of
Padovani et al. (2016) and is somewhat different from that
discussed in Tavecchio et al. (2015). The latter was based
on the use of the low-energy gamma-ray band as a proxy for
both the cosmic ray power and the density of the photon
targets, resulting in a quadratic dependence of the neutrino
luminosity on the gamma-ray luminosity. We remark that
an important feature of the present scheme, i.e. the depen-
dence on the gamma-ray flux makes it possible to derive
neutrino fluxes also for BL Lacs without a secure redshift
measurements. This is quite important, since about 50% of
the HBL of the 2FHL have uncertain z. We also note that,
although based on a specific model – assuming a structured
BL Lac jet –, the linear correlation found between γ-ray and
neutrino fluxes have been already suggested in the past for
blazars (e.g. Halzen & Hooper 2005, Neronov & Ribordy
2009).
We have derived the expected number of muon neutrino
for the HBL of the 2FHL catalogue for both IceCube and
KM3NeT. We have provided a list of sources and expected
numbers. Our study is focused on the through-going νµ
because of the angular resolution is well defined in the de-
tectors. Our analysis takes into account the structural dif-
ferences between the detectors. We have used the effective
area at different declinations for IceCube and the effective
area for muon neutrino for all declinations for KM3NeT. A
great difference between the two detector is their latitude;
IceCube is located at the South Pole, therefore the sources
always have the same visibility throughout the year. Differ-
ent is the case of KM3NeT, that have a range of declinations
for which the sources are only partially visible during the
year. For this reason we have considered for our calcula-
tion the visibility as a function of source declination for the
muon-track analysis for tracks below the horizon and up
to 10◦ above the horizon, given by KM3NeT collaboration.
We have calculated the expected number of neutrino from
HBL both for tracks below the horizon and for tracks up
to 10◦ above the horizon; the difference between the two
values is roughly a factor 1.2. A more detailed study will
be done when the effective area to the various declinations
for KM3NeT will be available.
With our calculation we derive for IceCube fluxes con-
sistent with the observations, predicting that only for few,
γ-ray bright, BL Lacs we expect a handful of neutrinos
detectable in few years of operation. The majority of the
sources, instead, have fluxes implying rates of the order of
.0.1 events yr−1, for which a clear association is thus prob-
lematic. For KM3NeT, on the other hand, we foresee an ap-
preciable neutrino flux for several sources. We report 20 BL
Lacs for which the expected rate is > 0.3 events yr−1. For
the brightest sources (Mkn 421, PKS 2155–304, Mkn 501),
the event rate would likely be high enough to allow a firm
identification. By construction, our method provides aver-
age fluxes. However, considering a typical flare of HBL, with
a factor α &10 increase of the gamma (and thus neutrino)
flux, lasting for Tflare ∼1-2 weeks, the neutrino expected to
be detected during the flare will be Nν = α
(
Tflare
1 yr
)
N˜ν where
N˜ν is the annual neutrino counts. This implies that for the
handful of sources with an annual count N˜ν ∼ 1 it would
thus be possible to obtain one or more neutrinos concomi-
tantly with the γ-ray flare. This detection would provide a
clear signature that HBL can produce neutrinos.
We would like to remark that, as far as the identification
of the sources is concerned, KM3NeT and the proposed up-
graded IceCube Gen2 (Aartsen et al. 2014b) are expected
to play a quite valuable role. In particular, both are ex-
pected to have an improved (sub-degree) angular resolution
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for through-going muon neutrinos3, which will greatly help
studies of correlation between the direction of the neutrino
revealed and an extragalactic (or galactic) source. More-
over, having two instruments covering both hemispheres it
will be possible to investigate better possible south-north
anisotropies and spectral differences.
The structured jet model that we adopt is based on
the assumption that the emission we observe from HBL is
(almost) totally produced by leptons through synchrotron
and IC mechanisms (although it is applicable to all cases in
which one predicts a linear relation between neutrino and
γ-ray fluxes). Protons (or hadrons) are only responsible for
the observed neutrino flux. The accompanying UHE γ-ray
photons (from pi0 decay and emitted by the e± pairs from
the charged pions decay) are readily reprocessed through
electromagnetic cascades, leaving the sources as a low-level
MeV-GeV component. This is different from what is instead
envisaged in lepto-hadronic models (e.g. Petropoulou et al.
2015, 2016), predicting a luminous, hard MeV-GeV emis-
sion. Indeed, observations in the hard-X-ray band by the
NuSTAR) satellite (sensitive up to 80 keV), revealing a
steep continuum up to the highest energies, seem to leave
small room for this bright hard-X/soft gamma component
(e.g. Baloković et al. 2016 for Mkn 421), expected to be
have a luminosity not much below that of the observed high-
energy peak. Future instruments sensitive in the MeV band
will play a key role in clarifying this issue. In particular, the
proposed e-ASTROGAM mission4 is foreseen to provide a
sensitivity of the order of . 10−12 erg cm−2 s−1 in the band
0.3 MeV–3 GeV, where the bulk of the reprocessed emission
is predicted. With such a sensitivity e-ASTROGAM would
be able to detect the reprocessed emission even in the case
of moderately bright HBLs.
Acknowledgements. We are grateful to F. Vissani for useful comments
on the manuscript and G. Ghirlanda and G. Ghisellini for discussions.
We thank the referee for his/her suggestions that helped us to improve
the paper. FT acknowledges contribution from grant PRIN–INAF–
2014. D.G. is supported by a grant from the U.S. Israel Binational
Science Foundation. Part of this work is based on archival data and
on–line services provided by the ASI Science Data Center.
References
Aartsen, M. G., Abbasi, R., Abdou, Y.,., et al. 2013, Science, 342,
1242856-1
Aartsen, M. G., Ackermann, M., Adams, J., et al. 2014a, Physical
Review Letters, 113, 101101
Aartsen, M. G., et al. 2014b, arXiv:1412.5106
Aartsen, M. G., Abraham, K., Ackermann, M., et al. 2015a, ApJ, 809,
98
Aartsen, M. G., Abraham, K., Ackermann, M., et al. 2015b, Phys.
Rev. Lett., 115, 081102
Achterberg, A., Ackermann, M., Adams, J., et al. 2006, Astropart.
Phys., 26, 155
Ackermann, M., Bernardini, E., Hauschildt, T., & Resconi, E. 2005,
International Cosmic Ray Conference, 5, 1
Ackermann, M., Ajello, M., Albert, A., et al. 2015, ApJ, 799, 86
Ackermann, M., Ajello, M., Atwood, W. B., et al. 2016a, ApJS, 222,
5
Ackermann, M., Ajello, M., Albert, A., et al. 2016b, Phys. Rev. Lett.,
116, 151105
Adrián-Martínez, S., Albert, A., André, M., et al. 2016a, ApJ, 823, 65
Adrián-Martínez, S., Ageron, M., Aharonian, F., et al. 2016b, Journal
of Physics G Nuclear Physics, 43, 084001
3 The preliminary estimate for Km3NeT is (< 0.2◦) (Adrián-
Martínez et al.2016b).
4 http://astrogam.iaps.inaf.it
Ahlers, M., & Murase, K. 2014, Phys. Rev. D, 90, 023010
Ahlers, M., & Halzen, F. 2014, Phys. Rev. D, 90, 043005
Atoyan, A. M., & Dermer, C. D. 2003, ApJ, 586, 79
Baloković, M., Paneque, D., Madejski, G., et al. 2016, ApJ, 819, 156
Böttcher, M., Reimer, A., Sweeney, K., & Prakash, A. 2013, ApJ, 768,
54
Chiaberge, M., Celotti, A., Capetti, A., & Ghisellini, G. 2000, A&A,
358, 104
Essey, W., Kalashev, O. E., Kusenko, A., & Beacom, J. F. 2010, Phys-
ical Review Letters, 104, 141102
Fossati, G., Maraschi, L., Ghisellini, G., & Celotti, A. 1998, BAAS,
30, 130.03
Ghisellini, G., Celotti, A., Fossati, G., Maraschi, L., & Comastri, A.
1998, MNRAS, 301, 451
Ghisellini, G., Tavecchio, F., & Chiaberge, M. 2005, A&A, 432, 401
Giroletti, M., Giovannini, G., Taylor, G. B., & Falomo, R. 2004, ApJ,
613, 752
Halzen, F., & Hooper, D. 2005, Astroparticle Physics, 23, 537
Halzen, F., & Kheirandish, A. 2016, (arXiv:1605.06119)
Kadler, M., Krauß, F., Mannheim, K., et al. 2016, arXiv:1602.02012
Kalashev, O. E., Kusenko, A., & Essey, W. 2013, Physical Review
Letters, 111, 041103
Kalashev, O., Semikoz, D., & Tkachev, I. 2014, arXiv:1410.8124
Kimura, S. 2014, 40th COSPAR Scientific Assembly, 40,
Loeb, A., & Waxman, E. 2006, J. Cosmology Astropart. Phys., 5, 003
Mannheim, K. 1995, Astroparticle Physics, 3, 295
Margiotta, A. (The KM3NeT Collaboration) 2014, Nuclear Instru-
ments and Methods in Physics Research A, 766, 83
McKinney, J. C. 2006, MNRAS, 368, 1561
Meyer, E. T., Fossati, G., Georganopoulos, M., & Lister, M. L. 2011,
ApJ, 740, 98
Murase, K., & Beacom, J. F. 2013, J. Cosmology Astropart. Phys., 2,
028
Murase, K., Inoue, Y., & Dermer, C. D. 2014, Phys. Rev. D, 90, 023007
Murase, K., Guetta, D., & Ahlers, M. 2016, Physical Review Letters,
116, 071101
Müller, C., Kadler, M., Ojha, R., et al. 2014, A&A, 569, A115
Nagai, D. 2014, American Institute of Physics Conference Series, 1632,
88
Neronov, A., Semikoz, D., Taylor, A. M., & Vovk, I. 2015, A&A, 575,
A21
Neronov, A., & Ribordy, M. 2009, Phys. Rev. D, 80, 083008
Padovani, P., & Resconi, E. 2014, MNRAS, 443, 474
Padovani, P., Resconi, E., Giommi, P., Arsioli, B., & Chang, Y. L.
2016, MNRAS, 457, 3582
Palladino, A., & Vissani, F. 2016, ApJ, submitted (arXiv:1601.06678)
Petropoulou, M., Giannios, D., & Dimitrakoudis, S. 2014, MNRAS,
445, 570
Petropoulou, M., Coenders, S., & Dimitrakoudis, S. 2016, Astropar-
ticle Physics, 80, 115
Petropoulou, M., Dimitrakoudis, S., Padovani, P., Mastichiadis, A., &
Resconi, E. 2015, MNRAS, 448, 2412
Piner, B. G., & Edwards, P. G. 2014, ApJ, 797, 25
Rädel, L. & Schoenen, S. (for the IceCube Collaboration), 2015, proc.
of the ICRC 2015 (arXiv:1510.05223)
Rossi, P., Mignone, A., Bodo, G., Massaglia, S., & Ferrari, A. 2008,
A&A, 488, 795
Sbarrato, T., Padovani, P., & Ghisellini, G. 2014, MNRAS, 445, 81
Tamborra, I., Ando, S., & Murase, K. 2014, J. Cosmology Astropart.
Phys., 9, 043
Tavecchio, F., & Ghisellini, G. 2008, MNRAS, 385, L98
Tavecchio, F., Ghisellini, G., & Guetta, D. 2014, ApJ, 793, L18
Tavecchio, F., & Ghisellini, G. 2015, MNRAS, 451, 1502
Urry, C. M., & Padovani, P. 1995, PASP, 107, 803
Wang, B., Zhao, X., & Li, Z. 2014, J. Cosmology Astropart. Phys.,
11, 028
Waxman, E., & Bahcall, J. 1997, Physical Review Letters, 78, 2292
Yacobi, L., Guetta, D., & Behar, E. 2014, ApJ, 793, 48
Zandanel, F., Tamborra, I., Gabici, S., & Ando, S. 2015, A&A, 578,
A32
Article number, page 7 of 8
A&A proofs: manuscript no. paper
Table 2. Expected 0.1-10 PeV flux (in units of 10−8 GeV cm−2 s−1) and detection rate of muon neutrino Rν (yr−1) for the
brightest 2FHL BL Lacs with KM3NeT with different thresholds on the zenith angle (horizon and +10◦). We also report the
fraction of the observational time for which each source is below the threshold. The numbers identify the sources in the sky map,
Fig. 3.
Name Fν Rν Visibility Rν Visibility
at horizon at 10◦
1 Mkn421 8.77 4.59 0.30 5.80 0.39
2 PKS2155-304 2.15 2.23 0.60 2.53 0.69
3 Mkn501 3.41 1.65 0.28 2.26 0.39
4 PG1553+113 1.89 1.42 0.44 1.66 0.51
5 PKS0447-439 0.76 0.87 0.67 1.02 0.79
6 PKS1424+240 1.00 0.67 0.39 0.79 0.46
7 PKS2005-489 0.51 0.63 0.72 0.75 0.86
8 TXS0518+211 0.87 0.59 0.39 0.72 0.48
9 PG1218+304 0.92 0.55 0.34 0.69 0.44
10 1ES0647+250 0.75 0.47 0.36 0.60 0.46
11 3C66A 0.87 0.38 0.25 0.54 0.36
12 1RXSJ054357.3-55320 0.30 0.40 0.78 0.52 1.00
13 PKS0301-243 0.43 0.44 0.59 0.49 0.66
14 1H1914-194 0.45 0.44 0.57 0.49 0.63
15a 1H1013+498 0.87 - - 0.48 0.32
15b 1RXSJ194246.3+10333 0.41 0.32 0.45 - -
16 PKS1440-389 0.36 0.41 0.66 0.47 0.76
17 1ES0347-121 0.39 0.35 0.53 0.40 0.60
18 1ES1215+303 0.52 0.31 0.34 0.39 0.44
19 1RXSJ101015.9-31190 0.32 0.34 0.60 0.39 0.69
20 RXJ0648.7+1516 0.45 0.33 0.42 0.38 0.49
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